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Some electromagnetic properties of charmed mesons*
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We calculate the D +-D electromagnetic mass difference assuming pole dominance of the form factors.
The tadpole, Born-term, and first-intermediate-state contributions, when treated within SU(4) symmetry,

imply that mD+ —m~0 = 12.2 MeV. Since, in exact SU(4), the calculated charmed-meson production cross
section in e+e annihilation saturates the observed total cross section, contrary to experiment, a simple

SU(4)-symmetry-breaking scheme has been introduced. Using this scheme it is estimated that in the c.m.

energy range 4.2-4.6 GeV, the total charmed-meson production cross section (DD, DD» + DD', D»D',
FF, FF»+ FF», F»F») rises from 3.8 to 6.9 nb. Also, the estimate of the D +-D 0 mass difference is
lowered to 5.8 MeV.

Recent experimental data~ ~ have suggested a
candidate for the D meson, a charmed pseudo-
scalar meson with isospin-,', at 1.86 GeV. The
mass spectrum of the particles recoiling against
the D shows peaks at 2.0 and 2.15 GeV, which in
turn may be candidates for the vector meson&*,
or the mixed'~ axial-vector meson D„, both ex-
pected in this region.

To explain the suppression of charged L)'s in the
experiment, De Rujula, Georgi, and Glashow
argued' that the electromagnetic mass splitting of
the D's had to be of the order 10 MeV, with the

heavier. Splitting of this order is indicated by
experiment, with the D' having a mass of 1865
p15 MeV and D' having' 1876+15 MeV. Estimates
from the charmonium picture' ' range from 1 to
15 MeV, in rough agreement with experiment.

If one takes the naive SU(4) approach of simply
adding a scalar tadpole ' which transforms like
the third component of isospin, one finds

mro -mr+ =ms+ -mno (or bm0=1. 1 MeV) and
no pion mass splitting This is certainly not
enough to explain the properties of the D's. We
will show here that a complete analysis including
the electromagnetic corrections to the meson pro-
pagator does yield a much larger D+ -D splitting.
Further more, the electromagnetic for m factor s
we use to c3lculate the self-masses determine
the production cross sections for pairs of charmed
particles in e+e annihilation. We first use exact
SU(4) symmetry, which very likely overestimates
the mass difference. We then repeat the calcula
tion using a simple-SU(4)-breaking scheme, which
we feel gives a more accurate estimate.

We begin by calculating the Born-term contri-
bution which is represented by the process D
-D+y (virtual)-D Using the SU(4) generaliza-
tion of Socolow's" mixed propagator, we dominate
the electromagnetic form factor by the lowest-
lying 16-piet of vector mesons,
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(sin8 +N cos8)
3 m 4„-9

mp cos8 m && 4 m&a
F(DD, Q ) =- (cos8-V2 sin8)»+ —.. . (1)
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where 8 is the vector mixing angle and the upper (lower) sign refers to the D+ (D'). In a previous SU(4)
analysis of meson decays, ' we found 8 =37.3'; the other two SU(4) mixing angles were so close to their
ideal values that they have been set equal to them here. Since calculations using extended vector-meson
dominance have shown'~ that the coupling of higher-mass multiplets is not substantial in SU(3), we have
not included them in our expression for the form factor. Equation (1) can be substituted into the expres-
sion for the Born-term contribution to the self-mass gm,

za, 3V'-4a p -4m 4idm=g d &
( 2 .
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where p and ~ are the pseudoscalar meson's (P) momentum and mass, respectively. Substituting (1) into

(2), the expression for the mass difference becomes

(&mn), = n ']- (sin8+v 2cos8) " [f(c ) —f(c,)]
td P

cose C~ 4 c~(cos8 —W2sin8) [f(c ) —f(c,)]+ — " [f(c ) f(c )]
p lk 0

(3)
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where e, =-m,.'/mo', and"

f(c) = c inc —(c —4}' dx(x ' —cx+ c) '. (4)

This gives (&mo}~ = 2.91 MeV, and analogous calculations for the Z yield (b,mr), =2.19 MeV.
We can also estimate the first-intermediate-state contribution, D D¹+y(virtual) -D. The self-mass

in this case is given by'3fe', [(q P)'- q'm'][F(PV, q'}]'
(2v)'m q'(q' —2q P+m' —Af )

vrhere M is the mass of the intermediate vector meson, which ere take to be 2.0 GeV. The I'Vy coupling
constant g~v was found in Ref. 3 to have the value 2.59 GeV ' [in terms of the quantities used in Eq. (16)
of Ref. 3, g~„=Ng/Bs'F, ]. The form factor is again dominated by poles:

(5)

1 m'
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Substituting this into (5), we get

(Amo)o¹ = o ' ~v, sin8(sin8+ M2 cos8) " [U(b, c„)—U{b,c,)]48m C —C

+ cos8(cos8 &2 sine) ' [U(b, c,) —U(b, e,)]+ " [U(b, c„)—U(b, c,)]
4 p P

b=m P/om¹o 1 i (6)

2cU(b, c) =2c'+(b —c)[6c—(b — c}]l n[(1 +b)/c]

+ 2b'ln(1+ b ') + [4e —(b —c)']2io(b, e),
(9)

io(b, c) = dx(x'+ bx —cx+ c) ' . (10)

Wn' 4mP' "'
o(e'e -PP) = 1 — ~ iF(PP, s) I'.

This gives a contribution to ~m~ of 7.59 MeV, and
the analogous result for 4m~ is 0.26 MeV.

The tadpole contribution is then fixed from the
observed ~m~ =-3.99 MeV. The value so obtained
(1.fl MeV) is about 50% larger than that found"
from the proton-neutron mass difference. The
total for the D meson is then &rn~ =12.2 MeV.

We can use these expressions for the form fac-
tors, and their analogs for the I" mesons, to de-
termine the production cross sections of charmed
mesons in e'e annihilation. " Assuming unpolar-
ized beams, the cross section for the production of
two pseudoscalars (PT') at c.m. energy stiuared s
is given by

The numerical evaluation of this expression yields
the results shown in Fig. 1. We see that in the
c.m. energy range 4.2-4.6 GeV o(e'e -DB, all
charges) is approximately 0.1 nb, while o(e'e
-F'F ) is slightly less than half this value. These
estimates are in good agreement with experiment,
insofar as neither has yet been seen. The suppres-
sion of production of I's relative to D's drops
asymptotically to a ratio of 1:2 (F:D, all charges).

Similarly, the cross section for the production
of a vector-pseudoscalar pair is given by

o(e'e -PV) =o(e'e -lsV)

P 7'vo.' '

(m +m }' t'~'

6 s

X
(m —m, )' '"

S

x g, „2iF{PV,s) i'. (12)

Experiment demands that production of DE*+ED*
be considerably larger than DB, and this indeed is
what we find (see Fig. 1). Again, in the energy
range 4.2 to 4.6 GeV, o(e'e -DB¹+BD¹,all
charges} rises from 11.0 nb to 14.4 nb, while
o(e¹e -FF¹+FF¹)rises from 2.9 nb to 5.3 nb be-
cause of threshold effects. Of course, at higher
energies the cross sections will fall off as 1/s2.
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sion observed in g- e'e, where SU(4) results are
down by a factor of 2 in the amplitude. Because
this is a relatively small decrease, we choose a
low power of the vector mass to break SU(4) 2' We
normalize fpr to the &u mass, so that f~„=2.03.
This suppresses the e'e cross sections by about a
factor of 6 as is evident from Fig. 1. The average
values for total cross sections in the c.m. energy
range 4.2 to 4.6 GeV are then 2.0 nb for (DBe
+3D*) and 0.6 nb for (E7*+FFe) The. ratio
o(e'e -DD*):a(e'e -DD) declines to about 13 1.

To estimate D*B~ and E~F* production, me have
employed a U(4) Yang-Mills-type VVV coupling'"'

0.1 = g rrv + Slayvy j yk (13)

0.01—

where the 16 vector mesons P", form a U(4) Yang-
Mills field. The production cross section is then
given by

FF- 'tI'Q
o(8+8 VV) =

~ (s +20sB1r +12@tv )
V

0,001 I

6
Ws (GeV)

4m,»~~
x 1- ' ~F(VV, s}~', (14}

FIG. 1. Predicted cross sections for the production
of specific charmed mesons in e e annihilation is
shown as a function of c.m. energy. The curves
labeled 1 and 2 are the predictions for DD~+DD*
and II ~+I'E~, respectively, without the mass suppres-
sion in the coupling constants.

Asymptotically the ratio of II'*.DD* mall be 1:2.
%e also note that

o(e'e -DD)/o(e'e -DDe) =0.3/s (s in GeV') .
These estimates for PV production are probably

too high, in that the total cross section for e'e
annihilation averages" 27+3 nb in the c.m. energy
region 3.9-4.6 GeV, falling to 18+ 2 nb at 4.8 Qe7.
If our estimates are correct, then almost all of the
total cross section would be due to the production
of charmed mesons. More likely, there is SU(4)
breaking in the coupling constant, as appears to be
required to explain the suppression of P-q, (2.8)y
and g - e'e-.

One way of breaking SU(4), based on simple di-
mensional arguments, mould be to write the PVy
coupling constant as g~v =f~„/mr, where f~r is a
dimensionless SU(4)-invariant constant and mv is
the mass of the Produced vector meson. [We have
chosen to introduce SU(4) breaking only in the
coupling constant and not in the form factor. This
is suggested by the strong-anomaly framework. ']
Since the phase space for the P-q,y rate cannot
be determined until the q, mass is accurately
known, our only experimental guide is the suppres-

where the vector-dominated form factor F(DeD*, q2)

is given by (1). The resulting vector-meson pro-
duction cross sections are shown in F~. 1. In the
c.m. energy region 4.2-4.6 GeV, o(e'e -D*3")
ranges from 1.3 nb to 2.7 nb, while o(e'e -EeP*)
ranges from 0.2 nb to 1.1 nb Accor.ding to (14),
o(e+e -De3*) and o(e+e -E*T*)&x 1/s asymptoti-
cally, and we find that these channels contribute
-0.5 to R at high energies.

%e have used the DD~ production cross section
obtained mith the mass-suppressed PVy coupling
constant to obtain the estimate for o(e'e - charmed
PP, PV, and VV) shown in Fig. 2. We also show
in Fig. 2 the trend of the total hadronic cross sec-
tion." %e re-emphasize that without this mass
suppression, the experimental value for the total
hadronic cross section mould be almost saturated
by charmed-particle production. The only com-
parison with experiment available is the product
of the total cross section with the branching ratio
of D to Knn final states, ' which indicates that the
charm production cross section has an average
value greater than 0.9 nb for 3.9~ Ws~ 4.6 GeV.

Because of the mass-suppressed PVy coupling
constant, the D* contribution to the D mass dif-
ference decreases to 1.16 MeV. This results in a
D mass splitting of 5.8 MeV. Because the mass
difference is closely connected with production
cross sections in our approach, we can infer that
this lower value for 4m~ is more reliable than the
value 12.2 MeV obtained without SU(4) breaking.
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FIG. 2. Predicted g (e'e charmed PP, PV, and

VV) as a function of c.m. energy (dashed curve). The
shaded area indicates the trend of the total hadronic
cross section (within a standard deviation) beyond the
resonance region.

If the D* contribution were completely omitted, the
mass difference would be lowered only 1.2 MeV
further. Accurate measurements of charmed-
meson production would allow us to refine our cal-
culation of the D mass difference.

It seems likely that the structure in e'e -hadrons
near 4.1 and 4.4 GeV is due to the formation of
resonances which decay predominantly into charmed
particles. Therefore, our results for charmed-
particle production should be modified somewhat
for c.m. energies near the resonance structure.
However, taking the 4.4-GeV resonance as an ex-
ample, we find that at 4.6 G eV its contribution to
charmed-particle production is negligible compared
to the contribution from $(3.1). This is because
the coupling of the P(4.4) to the photon [from P(4.4)
—e'e ] and to the pseudoscalar multiplet [from a
strong-anomaly analysis' of P(4.4) —hadrons] is
considerably smaller than that of $(3.1).

It is amusing to note that if our estimate of o(e'e
-charmed PP, PV, and VV) is appropriately
scaled, it corresponds remarkably well with the
energy dependence of the p.e-event cross section
of Perl et al." Aside from the kinematical cuts,
which we have not folded in, this scale factor cor-
responds to the product of the branching ratios of
the charmed mesons into p, , e and particles which
escape detection. However, recent estimates"
of these branching ratios give a scale factor which
is several orders of magnitude below what we re-
quire to reproduce Perl's results.

Finally, we expect &m~*= ~mD, since the tad-
pole term and the form factors for the Born and 0
intermediate-state contributions to yD* scattering
are similar to the corresponding quantities for yD
scattering. "

We wish to thank A. N. Kamal, J. N. Ng, and R.
Torgerson for helpful discussions. One of us
(A.C.D.W.) wishes to express his gratitude to the
Killam Foundation for financial support.

~Work supported in part by the National Research Coun-
cil of Canada.

~G. Goldhaber et al. , Phys. Rev. Lett. 37, 255 (1976).
I, Peruzzi et al. , Phys. Rev. Lett. 37, 569 (1976).

3D. H. Boal andR. Torgerson, Phys. Rev. D 15, 327
(1977).

If the Q,Q2 axial-vector mixing analysis is ex-
tended to the axial-vector D particles DJ, , Dz (with

i
opposite C parity) by means of an SU(4) analysis of
the type in Ref. 3, we find a mass of about 2 GeV for Dz, .
See G. W. Brandenburg et al. , Phys. Rev. Lett. 36,
703 (1976); 36, 706 (1976); D. H. Boal, B. J. Edwards,
A. N. Kamal, and R. Torgerson, Phys. Rev. D 14,
2998 (1976).

A. De Rujula, H.Georgi, and S. L. Glashow, Phys.
Rev. Lett. 37, 398 (1976).

~S. Ono, Phys. Rev. Lett. 37, 655 (1976).
TK. Lane and S. Weinberg, Phys. Rev. Lett. 37, 717

(1976).
H. Fritzsch, Phys. Lett. 638, 419 (1976).

~W. Celmaster, Phys. Rev. Lett. 37, 1042 (1976).
S. Coleman and S. L. Glashow, Phys. Rev. 134, B671
(1964).

"We will use the quadratic mass formula for bosons
throughout. We found in Ref. 3 that the SU(4) mixing
angles determined by the decay rates were in much
better agreement with the quadratic formula than the
linear one. In Ref. 12, mixing of the two pseudoscalar
16-plets was found to adequately lower the high (2100
MeV) D mass predicted by Ref. 3 and many others.
We use the notation 6m~=m~, -m~0.

~D. H. Boal, Phys. Rev. Lett. 37, 1333 (1976).
R. H. Socolow, Phys. Rev. 137, B1221 (1965).
P. L. Brunini, F. Rimondi, and G. Venturi, Lett.
Nuovo Cimento 10, 693 (1974); J. J. Sakurai, in Pro-
ceedings of the Canadian Institute of Particle Physics
Summer School, Mc Gill University, 1972, edited by
R. Henzi and B. Margolis (McGill Univ. Press, Mon-
treal, 1973), p. 437. These authors show that, in the
SU(3) domain, effects of the order 10% in the amplitude



16 SOME ELECTROMAGNETIC PROPERTIES OF CHARMED MESONS 1509

are to be expected from radial excitations at small q2.
D. W. McKay and B.-L. - Young [Phys. Rev. D 15, 1282
(1977)] argue that the V'PP and V' VP couplings are
small (based on data from p' decays).

~~Riazuddin, Phys. Rev. 114, 1184 (1959).
For the masses, we use the SU(4) relations m& —m~

2 2 2 2 2 2=m& -mz and mz* -m~ =m~+ -mz+ . We select
mg+=2. 0 GeV.

~VJ. Siegrist et al. , Phys. Rev. Lett. 36, 700 (1976).
For other approaches, see Q. J. Aubrecht, II and
M. S. K. Razmi, Phys. Rev. D 12, 2120 (1975);
E. Takasugi and S. Oneda, ibid. 12, 198 (1975);
J. Schechter and M. Singer, ibid. 12, 2781 (1975);
A. Kazi, G. Kramer, and D. H. Schiller, Acta. Phys.
Austriaca 45, 65 (1976); 45, 195 (1976). McKay and

Young (Ref. 14) use a different scheme in which SU(4)
breaking is introduced at the photon-vector meson
coupling in the form factor.
This coupling corresponds to a vector-meson anomal-
ous magnetic moment K= l.
R. Schwitters, in Proceedings of the ~9~5 International
SymPosium on LePton and Photon Interactions at High
Energies, Stanford, California, edited by W. T. Kirk
(SLAC, Stanford Univ. , Stanford, Calif. , 1976), p. 5.
M. L. Perl et al. , Phys. Lett. 63B, 466 (1976).
J. D. Jackson, LBL Report No. LBL-5500, 1976
unpublished) .
For a detailed analysis of the D* mass splitting see
A. C. D. Wright, Phys. Rev. D (to be published).


